Chemical and bioassay-guided fractionation of the chloroform-methanol (1:1) extract of Phomopsis sp. By254, an endophytic fungus residing in the root of Gossypium hirsutum, yielded three compounds. The structures of these compounds were elucidated by a combination of spectroscopic analysis (MS, 1D-and 2D-NMR) to be epoxycytochalasin H (1), cytochalasin N (2), and cytochalasin H (3). All the compounds were subjected to antimicrobial action against plant pathogenic fungi and plant pathogenic bacteria. As a result, compounds 1 to 3 significantly inhibited the growth of Sclerotinia sclerotiorum, Bipolaris maydis, Fusarium oxysporum, Botrytis cinerea, Bipolaris sorokiniana, Gaeumannomyces graminis var. tritici and Rhizoctonia cerealis, with IC 50 value ranging from 0.1 to 50 g/ml. However, no inhibition of them was observed against plant pathogenic bacteria.
INTRODUCTION
Agricultural plant diseases from the plant pathogenic fungi and bacteria, are one of the major economic damages in agriculture in the world, which cause harvest losses in crop production may amount to 12% or even higher in developing countries (Jin et al., 2009) . Although these losses may be attenuated by the use of crop rotation, sanitation practices or resistant cultivars, fungicides are often also needed to maximize crop yields (Russell, 2005) . However, strategies to control plant diseases with classic fungicides may produce harmful side effects, such as serious environmental pollution and the development of multiresistant strains. Thus, there is a continuing need for more effective and safer fungicides, especially those with novel modes of action, and natural products play a key role in the search for such compounds (Liu et al., 2007; Wegulo et al., 2011) . Endophytes, living for most of their life cycles inside healthy plant tissues, have been proven to be a rich and *Corresponding authors E-mail: jhguo@njau.edu.cn and yeyh@njau.edu.cn. Tel: +86-25-84395312. Fax: +86-25-84395425. reliable source of biologically active and/or chemically novel compounds for exploitation in modern medicine, agriculture and industry (Yu et al., 2010; Schulz and Boyle, 2005) . As one class of the most widely distributed endophytic fungi, Phomopsis sp. have attracted much attention in recent years for their ability to produce a variety of bioactive secondary metabolites (Vatcharin et al., 2008; Yang et al., 2010) . The cytochalasins are a class of fungal secondary metabolites, which inhibit a variety of cellular movements including cell division and motility, and cause changes in cell shape (Zhang et al., 2008) . Cytochalasins are cytotoxic mycotoxins that act on the cytoskeleton but may show various other bioactivities (Cole and Schweikert, 2003) . For instance, biological assays indicated that cytochalasin Z17 had moderate cytotoxicity against human nasopharyngeal epidermoid tumor KB cell line , and alachalasins D and G showed modest antimicrobial activity (Zhang et al., 2008) . Cytochalasin L-696, 474 from Hypoxylon fragiforme strongly inhibited human immunodeficiency virus (HIV)-1 protease (Lingham et al., 1992) . A significant inhibitory activity on Phytophthora cactorum was shown by cytochalasin B at 2 × 10 -5 -2 × 10 -4 M (Evidente et al., 1997) . In our previous screening for biologically active metabolites from endophytic microorganisms, total 103 strains were isolated from the endorhiza of field-grown cotton plants (Zheng et al., 2011) . Among them, the culture extract of endophytic fungus Phomopsis sp. By254 displayed strong antagonistic activity to a number of phytopathogenic fungi. The aim of the present work was to isolate and identify bioactive secondary metabolites from this fungus. As a result the antifungal compounds produced by strain By254 were isolated and characterized to be members of the cytochalasin family.
MATERIALS AND METHODS

General
NMR spectra were acquired on a Bruker DRX-500 NMR spectrometer using TMS and solvent signals as internal standards. ESI-MS were taken on a Mariner Mass 5304 instrument. Silica gel (200 to 300 mesh) for column chromatography and silica GF254 for TLC were produced by Qingdao Marine Chemical Company, China. Chemical samples were prepared on a Shimadzu LC20AT HPLC system with ODS column (250 L × 4.6,shimadzu pak) at a flow rate of 1.0 ml/min.
Microorganisms and fermentation
The strain By254 was isolated from the root of Gossypium hirsutum, collected in 2006 from the suburb of Nantong, China, according to the procedure described elsewhere (Miruna et al., 2006) . Specifically, the root of G. hirsutum was washed with running tap water, sterilized with 70% ethanol for 30 s and 1% sodium hypochlorite for 1 min, then rinsed in sterile water for three times and placed in Martin agar medium (10 g glucose, 5 g peptone, 1 g KH2PO4, 3.3 ml 1% (w/v) Rose Bengal solution, 0.5 g MgSO4 7H2O, 20 g agar, and 1000 ml distilled water) (Zheng et al., 2011) , supplemented with streptomycin and cultivated at 25°C according to the method described by Qu et al. (2005) . The isolated endophytic fungus was preserved on potato-dextrose-agar (PDA) slants at 4°C. The endophytic fungus was identified according to colony morphology and conidial size of cultures, which was reinforced by the internal transcribed spacer (ITS) region (White et al., 1990 ) that gave a 99% sequence similarity to those accessible at the BLAST of Phompsis sp. (GenBank accession number: GQ365159). The strain By254 was cultured by a solid-matrix steady protocol (Liu et al., 2004) . Briefly, the fresh mycelium grown on PDA medium at 28°C for 5 days was inoculated into 1000 ml Erlenmeyer flasks containing 400 ml PD medium.
After 6 days of incubation at 28°C on rotary shaker at 150 rpm, 20 ml of culture liquid was transferred as seed into 300 bottles preloaded with a given amount of grain medium composed of 7.5 g millet, 7.5 g bran, 0.5 g yeast extract, 0.1 g tartrate sodium, 0.01 g FeSO4·7H2O, 0.1 g glutamine sodium, 0.1 ml pure corn oil and 30 ml water. Cultivation was kept at 28 ± 1°C with 60 to 70% humidity for 35 days.
Extraction and isolation of secondary metabolites
The biomass of the fungal strain (1.5 kg, incompletely dried) was collected after cultivation on solid medium for 35 days, extracted with chloroform-methanol (1:1) (4 × 5 L) for four times and concentrated in vacuo to give a brown residue (250 g). After eliminating waxy substances, a residue (165 g) was obtained, which was then chromatographed over a silica gel column (1000 g, 200 to 300 mesh) eluted successively with CHCl3/MeOH gradient (100:0, 100:1, 100:2, 100:4, 100:8, 100:16, 100:50, 0:100, v/v) to obtain eight fractions (Fr1, Fr2, Fr3, Fr4, Fr5, Fr6, Fr7, Fr8) . The antifungal activity of each fraction against Pythium ultimum, Fusarium graminearum and Sclerotinia sclerotiorum were tested by a modified paper-disk method (Taechowisan et al., 2005) . The bioactive Fr3 (14.1 g) was subjected to further column chromatography fractionation over silica gel (200 g) with CHCl3/MeOH gradient, with the active part (0.56 g) separated further by silica gel (20 g) with CHCl3/MeOH gradient to give compound 1 (0.24 g). The bioactive Fr4 (1.93 g) was further fractionationed over silica gel (9.0 g) with CHCl3/MeOH gradient, with the active part (0.8 g) separated by silica gel (9.0 g) with CHCl3/MeOH gradient, and was further purified by high performance liquid chromatography (HPLC) using MeOH/H2O (65:35) (1.0 ml/min) to yield compound 2 (0.44 g, tR = 16.4 min) and compound 3 (0.12 g, tR = 10.8 min).
Antimicrobial activities tests
Antifungal tests were done in quadruplet with P. ultimum, F. graminearum, S. sclerotiorum, Bipolaris maydis, Fusarium. oxysporum, Phytopathora capsici, Botrytis cinerea, Bipolaris sorokiniana, Gaeumannomyces graminis var. tritici, Rhizoctonia cerealis by a modified paper-disk method (Taechowisan et al., 2005) . Briefly, plates were inoculated with agar discs of fungal strains in the center of the plate and with paper discs for addition of metabolites on the side. Whatmann filter paper discs of 8 mm diameter were impregnated with 10 l of each isolated compound at a concentration of 1 g/ l (10 g/disc) prepared using acetone. The discs were evaporated in vacuo and were placed at 1 cm from each of the edges of the plate and were diagonally separated by a distance of 7 cm. All operations were performed under sterile conditions. Then, plates were incubated at 25°C. The inhibitory activity was estimated from measurements of fungal growth across the line separating the discs compared to a control in which only acetone was added. Antibacterial tests were done in quadruplet with Curtobacterium luteum (ATCC15830), curtobacterium. flaccumfaciens pv. flaccumfaciens (NZ2580), Acidovorax aveane subsp. citrulli (FC440), Clavibacter michiganensis subsp. sepedonicus (9667), C. michiganensis subsp. michiganensis (ATCC10202), C. michiganensis subsp. nebraskensis (ATCC27822), Xanthomonas campestris pv. campestris (XCC), X. campestris pv. oryzae, Rhodococcus fascians (NZ5833) and Ralstonia solanacearum (ZJ6072103) by disk diffusion method (Murray et al., 1995) . The inocula of microorganisms were prepared from 12 to 24 h broth cultures and suspensions were adjusted to 0.5 McFarland standard turbidity. Then 100 µl of bacterial suspension were spread on nutrient agar (NA), respectively.
The disks (8 mm in diameter), containing 10 µl of each isolated compound at a concentration of 1 g/ l (10 µg/disk), were impregnated in the inoculated agar. Negative controls were prepared using the same solvents employed to dissolve the isolated compounds. Tetracycline was used as positive reference standard to determine the sensitivity of isolated compounds for each microbial species tested. The inoculated plates were incubated at 30°C for 24 h. Antibacterial activity was evaluated by measuring the inhibition zones in reference to the test organisms.
Half maximal inhibitory concentration (IC50) tests
Purified compounds were assayed on PDA in Petri dishes to determine the IC50 of these compounds against nine plant pathogenic fungi (Elson et al., 1994) . A stock solution (40 g/ l) of the purified compound was prepared, which was further diluted serially with acetone or DMSO. These solutions were added to PDA media contained in conical flasks at 48°C to obtain the final concentrations at 200, 100, 50, 25, 12.5, 6.25 and 3.125 g/ml. The medium (5 ml) was added to a 5 cm diameter Petri dish. A 6 mm diameter plug of the fungi, removed from the margin of a 4-day-old colony on PDA, was placed in the center of the plate. Linear growth of the fungi at 25°C was recorded till the fungal growth was almost complete in the control plates. Each treatment consisted of three replicates. IC50 value was defined as the concentration required for 50% inhibition of microbial growth.
RESULTS AND DISCUSSION
The organic extract derived from the solid-substrate fermentation materials of the endophytic fungus Phomopsis sp. By254 was chromatographed repeatedly on silica gel and HPLC to yield three compounds ( Figure  1) (Izawa et al., 1989) . All three compounds were tested in vitro for the antifungal activity against tested pathogenic fungi, and the results were listed in Table 2 . The growths of nine plant pathogenic fungi were inhibited by compounds 1 to 3 except P. capsici. The result of IC 50 tests (Table 3) showed that compounds 1 to 3 completely inhibited S. sclerotiorum, B. maydis, F. oxysporum, B. cinerea, B. sorokiniana, G. graminis var. tritici and R. cerealis, with IC 50 value ranging from 0.1 to 50 g/ml. Compounds 1 to 3 showed growth inhibition against B. maydis with IC 50 value of 1.87, 1.91, 1.18 g/ml, respectively. Compound 3 inhibited the growth of G. graminis var. tritici with IC 50 value of 0.15. The IC 50 value of cycloheximide used as a positive reference in the study against B. maydis and G. graminis var. tritici were 9.71 and 0.37. However, no inhibition of them was observed against plant pathogenic bacteria in the antibacterial tests. Compounds 1 to 3 had been isolated from Phomopsis sp. 68-GO-164 (Izawa et al., 1989) . It was reported that compounds 1 and 3 were also produced by Pestalotia sp., which is plant -associated imperfect fungi belonging to the same class Coelomycetes as Phomopsis sp. (Suttun, 1980) . Extensive research had been done with their cytotoxicity. Compound 3 exhibited strong cytotoxicity toward KB cells and KBv200 cells with IC 50 less than 1.25 g/mL (Tao et al., 2008) , but had no effect on HIV-1 protease activity (Lingham et al., 1992) . Compounds 1 and 3 inhibited the murine mixed lymphocyte reaction (MLR) with IC 50 value of less than 10 g/ml (Burres et al., 1992) . However, little is known about their antimicrobial activity. In vitro, compound 3 exhibited antibacterial, antifungal, nematocidal and antitumor activity. Compound (Stadler et al., 2006) . To our knowledge, this is the first report to demonstrate antifungal activities of compounds 1 to 3 against tested fungi. In most cases, antibiotics showing in vitro activity are generally active in vivo against plant diseases. The evaluation of in vitro antifungal activity of an antibiotic is the prerequisite for in vivo evaluation of its antifungal activity. Further evaluation of the effectiveness of compounds 1 to 3 for disease control and applications should be done in the field. Inhibition zone in radius was reported as "+" 0-1.0mm, "+ +" 1.0-5.0mm, "+ + +" 5.0-10.0mm. * At the amount of 10 g compound on each paper disk. 
ACKNOWLEDGMENTS
